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Abstract
The leading candidate for impurity seeding in ITER is currently nitrogen. To date, there are only a few
studies on the plasma chemistry driven by N2/H2 seeding and its effect on the molecular-activated
recombination of incoming atomic hydrogen ions in a detached-like scenario. Numerical simulations
are needed to provide insights into such mechanisms. The numerous amount of plasma chemical
reactions that may occur in such an environment cannot be entirely included in a 2 or 3 -dimensional
code such as Eirene. A complete global plasma model, implemented with more than 100 plasma
chemical equations and 20 species, has been set up on the basis of Plasimo code. This study shows two
main nitrogen-included recombination reaction paths resulted to be dominant, i.e. the ion conversion
of NH followed by dissociative recombination and a proton transfer between H2+ and N2, producing
N2H+. These two processes are referred to as N-MAR (nitrogen-molecular activated recombination)
and have subsequently been implemented into Eunomia, a spatially-resolved Monte Carlo code,
designed to simulate the neutrals inventory in linear plasma machines such as Pilot-PSI and MagnumPSI. To study the effect of N2 on the overall recombination, three cases of study have been set up: from
a defined puffing location with a constant total seeding rate of H2 + N2, three N2 ratios have been
simulated, i.e. 0, 5 and 10%. The parameter monitored is the density of atomic hydrogen, being the
final hydrogenic product of any recombination mechanism in the scenario considered. The difference
in H density between the 0% case and the 10% case is about a factor 3. The importance of NH as
electron donor is highlighted and N-MARs confirmed as reaction routes enhancing the conversion of
ions to neutrals, making the heat loads to the divertor plate more tolerable. This work is a further step
towards the full understanding of the role of N2-H2 molecules in a detached divertor plasma.

1. Introduction
Understanding and controlling plasma-surface interaction in the divertor region is one of the most
important challenges towards realizing fusion power. Experiments have shown [1][2] that impurity
seeding facilitates the achievement of a so-called detached plasma regime. Nitrogen is currently the
leading candidate for impurity seeding in ITER [3]. The divertor detached operational regime is
characterized by a plasma pressure drop along magnetic field lines towards the target in the Scrape
Off Layer (SOL) and a strong reduction of the plasma ion flux onto the target resulting in low power
loads [4]. Such pressure drop is due to ion-neutral interactions which give rise to plasma momentum
transfer to the walls through the neutral channel, ion removal by means of recombination mechanisms
and plasma cooling due to radiation [5].

Molecular-Activated Recombination (referred to as MAR) and electron-ion recombination (EIR) are
very efficient processes in Low T (≤ 1.5 eV) [6] and involve molecular hydrogen in vibrational excited
states[7]. The rate coefficients for these processes are highlighted in figure 1. The first experimental
investigations of MAR have been carried out in linear machines Nagdis-II [8] and ULS[9].
The aim of this work is to investigate
the plasma chemistry induced by
nitrogen in a detached-like
hydrogen plasma, pointing out the
most important processes to be
added in spatially-resolved codes,
where an implementation of the
whole plasma chemistry would not
be computationally feasible. Little is
known on the detailed plasma
chemical processes occurring in
ITER divertor relevant conditions
i.e. high density, low temperature
plasmas in the presence of nitrogen.
To study this complex scenario, an
Figure 1. Rate coefficients of the most relevant hydrogenic processes in
divertor plasmas as a function of Te. Straight and dotted lines correspond to extensive global plasma model of
ne = 1021 and 1019 m -3 respectively.
H2+N2 chemistry has been set up on
the basis of Plasimo code[10]. The general features of the global model are presented in section 2.1,
while the plasma chemistry is described in sections 2.1.2 and 2.1.3. The model is created with the
purpose of identifying the dominant plasma-chemical processes occurring in the plasma close to the
target when N2 is added into the system. In order to prove the reliability of the reduced set of chemical
equations, a reduced global model has been implemented and the outputs are compared with the full
version for three different plasma scenarios. The results are in good agreement in all cases and are
shown in section 2.2.6. The reduced set of chemical equations relevant for Magnum-PSI i.e. highdensity low-temperature plasma has been subsequently implemented in Eunomia [11], a spatially
resolved Monte-Carlo code for the transport of neutrals originally developed for the Magnum-PSI[12]
predecessor Pilot-PSI[13]. To study the influence of N2 and related species on the recombination
mechanisms, the density of atomic hydrogen has been traced for three different seeding cases.
Conversion of ions to neutrals has been proved to be enhanced by the presence of nitrogen by up to
30 %. The output are shown is section 3.3. Finally, a summary of this work, together with the
conclusions, are given in section 4.
Global modelling with Plasimo code
In Global Models spatial averages of the physical parameters are calculated from plasma ignition to
the fulfilment of the steady state[14]. The outcomes of the zero-dimensional simulation is collected by
solving a system of coupled differential equations i.e. the energy balance, the quasi - neutrality
condition and the particle balance, whose solution describes the evolution of ionic and neutral species
as a function of time. The electron energy balance is solved simultaneously. The power is assumed to
be uniformly distributed and the plasma is spatially homogeneous throughout the whole volume. The
input parameters to be defined are input power and density of precursor gases (H2 and N2), while ne
and Te are given as output of the simulation.
The source terms are formulated from the reaction rates, thus every reaction can be initiated by any
of the species included in the model. This type of code is computationally less expensive than spatially

resolved hybrid models, hence we are able to include a detailed and exstensive chemistry, without
causing any significant increasing of the computational effort [15].
In the model, the electron energy distribution function (EEDF) is assumed to be maxwellian.
Despite the limitations imposed by a zero-dimensional simulation, where no transport effects are
considered, important outputs can be obtained providing detailed insights into the dominant atomic
and molecular-induced processes governing the volume collisions in a detached-like plasma system.
1.1 Governing equations
The time-dependent evaluation of number densities of the chemical species is calculated as follows:
𝑑𝑑𝑛𝑛𝑖𝑖
𝑝𝑝
𝑣𝑣
= �(𝑣𝑣𝑖𝑖 − 𝑣𝑣𝑖𝑖𝑑𝑑 ) 𝑘𝑘 𝑟𝑟(𝑡𝑡) � 𝑛𝑛𝑖𝑖 𝑑𝑑 = 𝑆𝑆𝑖𝑖
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where 𝑣𝑣𝑖𝑖 and 𝑣𝑣𝑖𝑖𝑑𝑑 are the stoichiometric coefficients of the reactants (𝑑𝑑) and the products (𝑝𝑝) of the
reaction, 𝑘𝑘 𝑟𝑟(𝑡𝑡) is the rate coefficient and 𝑛𝑛𝑖𝑖 is the density of species 𝑖𝑖.
The electron energy balance is defined as:
3
𝑑𝑑 � 𝑛𝑛𝑒𝑒 𝑒𝑒𝑇𝑇𝑒𝑒 �
2
= 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡) − 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑑𝑑𝑑𝑑

where 𝑛𝑛𝑒𝑒 and 𝑇𝑇𝑒𝑒 are the electron density [m-3] and temperature [eV] respectively, 𝑒𝑒 the elementary
charge, 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 the input power density, 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 and 𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 the energy losses from inelastic and elastic
collisions between electrons and heavy particles.
In inelastic electron-induced collisions with heavy particles, the energy difference between left and
right hand side of the reaction is due to energy loss by the electron. Hence, the total inelastic source
term is written as:
𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = � 𝐸𝐸𝑒𝑒 𝑛𝑛𝑟𝑟 𝑛𝑛𝑒𝑒 𝑘𝑘𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐸𝐸𝑒𝑒 𝑅𝑅
𝑟𝑟

With 𝐸𝐸𝑒𝑒 the electron energy transfer (one per reaction) and 𝑅𝑅 the triple product of rate times reactants
densities.
In this model quasi-neutrality is assumed, thus plasma is neutrally charged. The electron density is
therefore calculated from:
𝑛𝑛𝑒𝑒 = �
𝑟𝑟
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Where 𝑛𝑛𝑖𝑖 is the density of the ionic species 𝑖𝑖, 𝑞𝑞𝑖𝑖 its charge and e the elementary charge.
The totality of the power supplied to the gas is assumed to be consumed by the plasma, thus lost and
supplied power must balance. The input power density is then used to create ion - electron pairs by
means of inelastic electron - induced processes.
2.1.2 Chemical model
The chemical species simulated in this study are reported in Table 1. The energy of electrons in our
case of study is generally not high enough to cause direct dissociation of N2 (Ea = 9.79 eV). It has been
recently reported [16] that the A3∑ excited molecule can act as intermediate compound for the
dissociation of N2 in low T plasma predominantly via the reaction N2*(A3∑) + H  NH + N and to a
minor extent (≈ 30%) via N2*(A3∑) + e  N + N. These processes, together with ionization of N2 from
the A3∑ state, have been included. Diazenilium ions N2H+ and ammonium NH4+ are included in the

simulations. An extensive set including all the NHx and NHx+ has been implemented in the code.
Although it is now well-established that the hydrogenation of N to produce ammonia occurs mainly on
the surface [21], these species have been added due to the role they play in the volume phase such as
ion conversion, proton transfer and recombination processes. It’s worth stressing that the aim is to
obtain a reduced set of chemical equations and that global modelling allows us to study a large number
of different processes among several species. Molecular hydrogen in vibrational excited state (v = 4)
has been added in the model, given the important role it plays in the ion conversion with H+, which is
the main ion species in our plasma.
A recent work carried out by Body et al. [17] and published in this journal provides a detailed
description of plasma-chemical processes leading to the production of ammonia. Particular efforts are
thereby spent in the modelling of plasma-wall heterogeneous reactions, given the importance they
have in the synthesis of NH3. In the present work, the selection of processes has been done focusing
on volume processes relevant in detached-like hydrogen plasma in the presence of nitrogen, in order
to evaluate the role of N and Nx-Hy species in recombination mechanisms. The list of the plasmachemical reactions adopted in this study is presented in Table 2 in section 2.1.3.
H2 species

N2 species

H2-N2 species

𝐻𝐻, 𝐻𝐻2 , 𝐻𝐻 + ,𝐻𝐻2+ ,𝐻𝐻2 𝑣𝑣𝑛𝑛=4 , 𝐻𝐻3+

𝑁𝑁2 , 𝑁𝑁, 𝑁𝑁2∗ (𝐴𝐴3 𝛴𝛴), 𝑁𝑁2+ ,𝑁𝑁 +

𝑁𝑁𝑁𝑁, 𝑁𝑁𝐻𝐻2 , 𝑁𝑁𝐻𝐻3 , 𝑁𝑁𝐻𝐻3+ ,𝑁𝑁𝐻𝐻2+ ,𝑁𝑁𝐻𝐻 + ,𝑁𝑁2 𝐻𝐻 +,𝑁𝑁𝐻𝐻4+

Table 1. the chemical species included.

2.1.3 Plasma chemical reactions
The chemical equations incorporated in the model cover a wide range of process types, i.e. ionization,
dissociation, dissociative ionization, dissociative recombination, ion-neutral, neutral-neutral and
elastic collisions. The set of the chemical equations adopted in this work is listed in table 2. The rate
coefficient for ionization and elastic collisions with electrons is gained by averaging the product of cross
section and velocity over the EEDF. The relation can be written explicitily[15]:
∞

𝑘𝑘 𝑖𝑖 = � σ𝑖𝑖 (𝐸𝐸 ) 𝑣𝑣 (𝐸𝐸 ) 𝑓𝑓(𝐸𝐸 ) 𝑑𝑑𝐸𝐸
𝐸𝐸𝑡𝑡ℎ

With 𝐸𝐸𝑡𝑡ℎ the threshold energy of the collision, 𝐸𝐸 the electron energy, 𝑓𝑓 (𝐸𝐸 ) the electron energy
distribution function, 𝑣𝑣 (𝐸𝐸 ) the electron velocity and σ 𝑖𝑖 the cross section of collision 𝑖𝑖. Data concerning
the remaining classes of reactions have been taken from the most comprehensive databases available
in the literature such as UMIST, LxCat, NIST, Anichich’s review and are referenced in table 2. These
rates are expressed in the generalized Arrhenius form[18]:
𝑇𝑇𝑒𝑒 𝑛𝑛
𝐸𝐸
� ∗ exp(− 𝑎𝑎 )
𝑘𝑘( 𝑇𝑇𝑒𝑒 ) = 𝐴𝐴 ∗ �
1𝑒𝑒𝑒𝑒
𝑇𝑇𝑒𝑒

Where 𝐴𝐴 is declared in cm3s-1 and 𝐸𝐸𝑎𝑎, the activation energy of the reaction, together with 𝑇𝑇𝑒𝑒, in eV.
The temperature of neutrals in the simulations (Tg) has been set at 0.2 eV. Such value has been
estimated by numerical simulations in [19] ) to be in the temperature range of molecules in the PilotPSI hydrogen plasma beam, which is characterized by very similar plasma parameters to MagnumPSI’s, in terms of electron density and temperature.
N#.
1
2
3
4
5
6

Rea cti on
𝐻𝐻 + 𝑒𝑒 −  𝐻𝐻+ + 2𝑒𝑒−
𝐻𝐻2 + 𝑒𝑒 −  𝐻𝐻2+ + 2𝑒𝑒 −
𝑁𝑁 + 𝑒𝑒 −  𝑁𝑁+ + 2𝑒𝑒 −
𝑁𝑁2 + 𝑒𝑒 −  𝑁𝑁2+ + 2𝑒𝑒 −
𝑁𝑁2 + 𝑒𝑒 −  𝑁𝑁2∗(𝐴𝐴3 𝛴𝛴) + 𝑒𝑒 −
𝑁𝑁2∗(𝐴𝐴3 𝛴𝛴) + 𝑒𝑒 −  𝑁𝑁2+ + 2𝑒𝑒 −

Ra te coeffi ci ent (cm 3s -1)
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
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𝑁𝑁2 + 𝑒𝑒 −  𝑁𝑁+ + 𝑁𝑁 + 2𝑒𝑒 −
𝐻𝐻2 + 𝑒𝑒 −  𝐻𝐻+ + 𝐻𝐻 + 2𝑒𝑒 −
𝐻𝐻2 + 𝑒𝑒 −  𝐻𝐻2𝑣𝑣𝑛𝑛=4 + 𝑒𝑒 −
𝑁𝑁𝑁𝑁 + 𝑒𝑒 −  𝑁𝑁𝐻𝐻+ + 2𝑒𝑒 −
𝑁𝑁𝑁𝑁 + 𝑒𝑒 −  𝑁𝑁+ + 𝐻𝐻 + 2𝑒𝑒 −
𝑁𝑁𝐻𝐻2 + 𝑒𝑒 −  𝑁𝑁𝐻𝐻2+ + 2𝑒𝑒 −
𝑁𝑁𝐻𝐻2 + 𝑒𝑒 −  𝑁𝑁𝐻𝐻+ + 𝐻𝐻 + 2𝑒𝑒 −
𝑁𝑁𝐻𝐻3 + 𝑒𝑒 −  𝑁𝑁𝐻𝐻3+ + 2𝑒𝑒 −
𝑁𝑁𝐻𝐻3 + 𝑒𝑒 −  𝑁𝑁𝐻𝐻2+ + 𝐻𝐻 + 2𝑒𝑒 −
𝑁𝑁𝐻𝐻3 + 𝑒𝑒 −  𝑁𝑁𝐻𝐻 + + 𝐻𝐻 + 𝐻𝐻 + 2𝑒𝑒 −
𝑁𝑁𝐻𝐻3 + 𝑒𝑒 −  𝑁𝑁+ + 𝐻𝐻 + 𝐻𝐻2 + 2𝑒𝑒 −
𝑁𝑁𝐻𝐻3 + 𝑒𝑒 −  𝐻𝐻+ + 𝑁𝑁𝐻𝐻2 + 2𝑒𝑒 −
𝐻𝐻2+ + 𝑒𝑒 −  𝐻𝐻 + 𝐻𝐻
𝐻𝐻3+ + 𝑒𝑒 −  𝐻𝐻2 + 𝐻𝐻
+
𝐻𝐻3 + 𝑒𝑒 −  𝐻𝐻 + 𝐻𝐻 + 𝐻𝐻
𝑁𝑁2+ + 𝑒𝑒 −  𝑁𝑁 + 𝑁𝑁
𝑁𝑁𝐻𝐻 + + 𝑒𝑒 −  𝑁𝑁 + 𝐻𝐻
𝑁𝑁 𝐻𝐻2+ + 𝑒𝑒 −  𝑁𝑁𝑁𝑁 + 𝐻𝐻
𝑁𝑁𝐻𝐻2+ + 𝑒𝑒 −  𝑁𝑁 + 𝐻𝐻2
𝑁𝑁𝐻𝐻3+ + 𝑒𝑒 −  𝑁𝑁𝑁𝑁 + 2𝐻𝐻
𝑁𝑁𝐻𝐻3+ + 𝑒𝑒 −  𝑁𝑁𝐻𝐻2 + 𝐻𝐻
𝑁𝑁𝐻𝐻4+ + 𝑒𝑒 −  𝑁𝑁𝐻𝐻3 + 𝐻𝐻
𝑁𝑁𝐻𝐻4+ + 𝑒𝑒 −  𝑁𝑁𝐻𝐻2 + 2𝐻𝐻
𝑁𝑁2𝐻𝐻 + + 𝑒𝑒 −  𝑁𝑁2 + 𝐻𝐻
𝑁𝑁2 𝐻𝐻 + + 𝑒𝑒 −  𝑁𝑁𝑁𝑁 + 𝑁𝑁
𝑁𝑁2 + 𝑒𝑒 −  𝑁𝑁 + 𝑁𝑁 + 𝑒𝑒 −
𝐻𝐻2 + 𝑒𝑒 −  𝐻𝐻 + 𝐻𝐻 + 𝑒𝑒 −
𝑁𝑁𝑁𝑁 + 𝑒𝑒 −  𝑁𝑁 + 𝐻𝐻 + 𝑒𝑒 −
𝑁𝑁𝐻𝐻2 + 𝑒𝑒 −  𝑁𝑁𝑁𝑁 + 𝐻𝐻 + 𝑒𝑒 −
𝑁𝑁𝐻𝐻2 + 𝑒𝑒 −  𝑁𝑁 + 𝐻𝐻2 + 𝑒𝑒 −
𝑁𝑁𝐻𝐻3 + 𝑒𝑒 −  𝑁𝑁𝑁𝑁 + 𝐻𝐻 + 𝐻𝐻 + 𝑒𝑒 −
𝑁𝑁𝐻𝐻3 + 𝑒𝑒 −  𝑁𝑁𝐻𝐻2 + 𝐻𝐻 + 𝑒𝑒 −
𝑁𝑁𝐻𝐻3 + 𝑒𝑒 −  𝑁𝑁𝑁𝑁 + 𝐻𝐻2 + 𝑒𝑒 −
𝐻𝐻2 + 𝑁𝑁𝑁𝑁  𝑁𝑁𝐻𝐻2 + 𝐻𝐻
𝑁𝑁𝐻𝐻3 + 𝐻𝐻  𝑁𝑁𝐻𝐻2 + 𝐻𝐻2
𝑁𝑁𝑁𝑁 + 𝑁𝑁𝐻𝐻2  𝑁𝑁𝐻𝐻3 + 𝑁𝑁
𝑁𝑁 + 𝑁𝑁𝐻𝐻2  𝑁𝑁2 + 𝐻𝐻2
𝑁𝑁𝐻𝐻2 + 𝐻𝐻2  𝑁𝑁𝐻𝐻3 + 𝐻𝐻
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2.2 Global model results
Hydrogen plasmas with nitrogen content have been widely studied in the last few decades [49],[50],
[51]. The aim of such studies mostly concerned the role of plasma in lowering the activation energy
needed for the catalytic synthesis of ammonia. The parameters of those plasmas were substantially
different from the scenario considered in this paper, i.e. far from the high-density low-temperature
plasmas produced in linear machines and divertors. The purpose of this study is to characterize the
plasma chemistry relevant for N2-seeded divertor hydrogen plasma. In particular, we are interested in
investigating the recombination mechanisms of H+ introduced by the presence of nitrogen in the
volume phase. Before the implementation in the Eunomia code, the dominant processes have been
highlighted by means of a global model and the results are presented hereafter. A verification of the
extracted processes will follow and will be presented in section 2.2.5.

2.2.1 Plasimo results: new reaction paths in the presence of nitrogen
Global modelling can provide deep insights into the plasma chemistry occurring in a rather complex
environment. Considering the shape of ne and Te in a semi-detached plasma beam in linear machines,
two different cases of study have been considered. For both cases, a 5% N2 content has been studied.
In figure 2 a typical semi-detached Magnum-PSI Te and ne profiles are shown.

Figure 2. Electron temperature and density profiles of a ‘semi-detached’ Magnum-PSI plasma beam diagnosed by means of
Thomson Scattering at 3 cm from the target. The two different cases of study are highlighted in blue (peak) and red (edges).
The background pressure in the target chamber is set at 2Pa.

TS profiles are peaked in the centre and decrease towards the edge of the beam, with values from ≈
1.5 eV to ≈ 0.35 eV for Te and from ≈ 2*1020m-3 to 2.5*1019m-3 for ne. Clearly, such differences imply
different plasma chemical processes to be dominant on a local scale.
2.2.2 Centre of the plasma beam
For the simulation of the centre of the plasma beam, the parameters calculated by the code are Te =
1.2 eV and ne = 2.65*1020m-3. The most relevant processes highlighted in this section are reported in
Figure 3. The initial densities are 1*1021 m-3 for molecular hydrogen and 5*1019 m-3 for N2. The input
power density adopted to achieve parameters relevant for this study was set at 2500 J/m3. The
simulation time is set at 1.3 ms.

Figure 3. H+ sink routes calculated by the code in the centre of the beam. The first branch,
concerning H2 in vibrational excited state, corresponds to the well-established molecular
activated recombination. The second one involves NH as electron donor in the ion conversion
with H+ and is followed by electron-ion recombination of NH+. This reactions path can be referred
to as N-MAR.

The principal sinks reactions for H+ is ion conversion with molecular hydrogen in vibrational excited
state and with NH (reactions 62 and 64) , leading H2+ and NH+ respectively. The first branch is the wellestablished hydrogenic MAR first step, while the second involves nitrogen monohydride and will be
referred to as N-MAR. The main loss route of H+ is indicated by the code to be reaction 62 with a
relative contribution of ≈ 70%. In this model one vibrational excited state of H2 i.e. v=4, is taken into
account. NH molecule is produced via electron-impact direct dissociation of NHx species, dissociative
recombination of NHx+ ions and by neutral-neutral atomic transfer (reactions 49 and 81).
About 85% of H2+ is lost by dissociative recombination (reaction 19) and, to a minor extent by reacting
with N-species, namely ≈ 10% is consumed by proton transfer with N2 (reaction 66) and ≈ 5% by ion
conversion with ammonia (reaction 65) gaining N2H+ and NH3+ respectively. As can be seen in figure 4,
the dominant NH+ sink path is by dissociative recombination (≈ 90%), gaining one atom of nitrogen and
one of hydrogen (reaction 21) and for less than 10% by atom transfer with N, producing N2+ and H
(reaction 83).

Figure 4. relative contribution of NH+ sinks in the beam centre.

No significant amount of ammonia or its derivate ion NH4+ is produced in the volume phase. The
precursors of those species are rapidly consumed by dissociation and recombination processes. In a
real divertor NH3 is produced by means of Eley-Rideal and Langmuir-Hinshelwood processes, both
involving a (cold) metal wall[52]. The molecule is then released in the volume phase. Although this can
occur in a detached-like plasma scenario in a linear device, no wall processes have been implemented
in this simulation, given the purpose of studying the most important volume-phase plasma chemistry.
Assuming an influx of NH3 from the target and/or from the reactor walls towards the plasma beam,
ammonia undergoes ion conversion with H+ (reaction 61) with a contribution of 42%, dissociation by
electron impact for 25% (indicated as the sum of relative contributions of reactions 38 and 39) and via
H atom transfer (reaction 41) for the remaining 33%. The product of reaction 61 i.e. NH3+ is calculated
to be entirely consumed by dissociative recombination i.e. reaction 26 and 27, producing H2 + NH and
NH2 + H, respectively.
2.2.3 Divertor-relevant H2/N2 plasma chemistry for different plasma parameters
To investigate the relevant plasma chemistry occurring among a wider range of plasma scenarios, a
parameter scan has been carried out i.e. electron densities from 6.8*1017 m-3 to 1.2*1019 m-3 have been
studied. The electron temperature for these simulations has been kept at ̴ 2.5 eV, which is doubled
compared to the Magnum-PSI detached-plasma relevant scenario discussed in section 2.2.2. In this
sub-section, attention is paid to the density evolution of molecular ions, being the charged species
populating this type of low-density plasmas [53]. Results are show in figure 5 and figure 6.

Figures 5 and 6. Density evolution of molecular ions in a H2/N2 plasma as a function of increasing electron density.

At high-density low-temperature plasma, NHx+ species (with 0<x<5) are predominantly produced via
ion conversion with H+ and are efficiently depleted by means of dissociative recombination processes,
as follows:
1) 𝐻𝐻 + + 𝑁𝑁𝐻𝐻𝑥𝑥 → 𝑁𝑁𝐻𝐻𝑥𝑥+ + 𝐻𝐻
2) 𝑁𝑁𝐻𝐻𝑥𝑥+ + 𝑒𝑒 −  𝑁𝑁𝐻𝐻𝑥𝑥−1 + 𝐻𝐻

𝐼𝐼𝐼𝐼𝐼𝐼 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
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3) 𝑁𝑁𝐻𝐻 + + 𝐻𝐻2  𝑁𝑁𝐻𝐻2+ + 𝐻𝐻
4) 𝑁𝑁𝐻𝐻2+ + 𝐻𝐻2  𝑁𝑁𝐻𝐻3+ + 𝐻𝐻
5) 𝑁𝑁𝐻𝐻3+ + 𝐻𝐻2  𝑁𝑁𝐻𝐻4+ + 𝐻𝐻
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6) 𝐻𝐻3+ + 𝑁𝑁2  𝑁𝑁2𝐻𝐻+ + 𝐻𝐻2
7) 𝑁𝑁2 𝐻𝐻 + + 𝑁𝑁𝐻𝐻3  𝑁𝑁𝐻𝐻4+ + 𝑁𝑁2
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At the densities evaluated in figure 5 and 6, other processes become dominant. These are governed
by the presence of protonated molecules. In figure 6 one can observe that at ne = 1.2*1019 m-3, the
densities of NHx species follow inversely the amount of H atoms bound to N. In such scenario,
dissociative recombination is still important, and tends to de-populate first the highly hydrogenated
molecular ions. When moving towards lower electron densities i.e. ̴ 3*1018 m-3, a population inversion
occurs, leading to an overturn where NH4+ is the most present ion. This is due to the following atomic
transfer reaction paths:

Moreover, NH4+ is gained via a so-called proton transfer chain, which is initiated by H3+ and molecular
nitrogen. This path is characterised by the following reactions:

This mechanism starts to occur at ne < 4*1018 m-3 (figure 6), when the density of H3+ and N2H+ decrease
steeply and NH4+ increases. At density ̴ 8*1017 m-3, N2H+ and NH4+ are almost equally populated. It is
worth to underline here that reaction 80 is also a source for H2 which is a reactant participating in the
above-mentioned atom transfer chain.
The effect of electron temperature on H2/N2 plasma chemistry with densities in the order of ̴ 1016 m-3
has been extensively studied in the last years [54], [55] given the importance it has in the field of
plasma processing. For what concerns divertor-relevant electron densities i.e. ne > 5*1019 m-3 with
electron temperatures above 3 eV, electron-induced mechanisms are expected to play a major role.
As can be seen in figure 7, with temperature above ̴ 3 eV, the electron-impact ionization becomes
dominant compared to the ion conversion – dissociative recombination mechanisms described in
equations (1) and (2) in this paragraph. Therefore, the effect of enhanced recombination of H+ given
by N-MAR, becomes less important.

Figure 7. Reaction rates for NHx species occurring in divertor-relevant hydrogen plasma in the presence of nitrogen. Dotted
lines are electron-impact dissociation (DISS), dash-dotted are dissociative recombination (DR), straight lines are ion conversion
(IC) while dashed ones constitute direct ionization (ION).

2.2.4 The role of molecular ion H3+
A parallel work has been carried out with the purpose of studying the presence of the protonated
molecular hydrogen H3+ in divertor-relevant plasmas. The same H2/N2 global model described in section
2.2.2 has been used, given that the plasma chemistry conditioning H3+ is fully implemented.
The first successful studies on the production of such ion date back to the first half of the last
century[56]. H3+ is gained by means of a proton transfer reaction between molecular hydrogen and its
ion (reaction 74): 𝐻𝐻2+ + 𝐻𝐻2  𝐻𝐻3+ + 𝐻𝐻 with a rate constant of k = 2*10-9 cm3s-1 [43]. This process
competes with another sink of H2+ i.e. reaction 19: 𝐻𝐻2+ + 𝑒𝑒 −  𝐻𝐻 + 𝐻𝐻. H3+ is efficently consumed in
low temperature plasmas (Te<3-4 eV) by two dissociative recombination reactions, namely reactions
20 and 21. The rate coefficients of these process as a function of Te are plotted in figure 8. The density
evolution of H3+ over time is calculated by the code as:
𝑑𝑑� 𝐻𝐻3+�
𝑑𝑑𝑑𝑑

= �𝑘𝑘(74) ∗ [ 𝐻𝐻2+ ] ∗ [ 𝐻𝐻2 ] �𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − �𝑘𝑘(20) ∗ 𝑛𝑛𝑒𝑒 ∗ [ 𝐻𝐻3+ ]�𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − �𝑘𝑘 (21) ∗ 𝑛𝑛𝑒𝑒 ∗ [ 𝐻𝐻3+ ] �𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

It is dependent on the electron density. In the model, Te has been kept fixed at ≈ 1.5 eV while the
electron density has been changed by tuning the input power density provided into the system. The
output of the simulations are reported in figure 9.

Figure 8. Rate coefficients as a function of Te for sources
and sinks of H3+. Blue line corresponds to the source
reaction 74, while black and red are sink processes i.e.
reactions 20 and 21.

Figure 9. H+ and H3+ densities evolution as a function of
ne calculated with the global model. Population inversion
occurs at ≈ 7*1018 m -3. For divertor-relevant electron
densities i.e. > 1020m -3 the presence of H3+ is negligible.
Electron temperature was set at 1.5 eV.

The population inversion occurs at ne ≈ 7*1018 m-3, which is about two orders of magnitude lower than
the electron density characterizing the hydrogen plasma in new-generation linear machines as well as
the one expected in ITER divertor i.e. 1020-1021 m-3[57]. Worth mentioning the typical “attached” H2
plasma in Magnum-PSI has Te ≤ 5 eV, while for detached-like scenarios Te falls below 1.5 eV.
According to figure 8, for electron temperature between 1.5 and 5 eV, the production of H3+ is
comparable with the destruction mechanisms. The limiting factor in divertor plasmas is the high
electron density, leading to a very efficient recombination of H3+ and its precursor H2+. Moreover in
tokamaks, the electron temperature in the SOL is around ≈ 100 eV in the upstream region [58]. At such
temperatures, hydrogen is fully dissociated and ionized, making H+ the only hydrogenic species flowing
towards the divertor plate. Thus, we can deduce that the role H3+ is negligible in Magnum-PSI and ITERrelevant divertor H2 plasma. The same conclusion has been obtained in [7].

2.2.5 Periphery of the plasma beam
In the edge of the plasma beam Te is about 0.8 eV and ne is ̴ 5*1019m-3.The most relevant plasma
chemical mechanisms leading to the recombination of hydrogen ion and highlighted by the model for
such scenario are shown in figure 10.

Figure 10. H+ sink routes calculated by the code at the edges of the beam. The first step is the ion
conversion with a hydrogen molecule in vibrational excited state, gaining H2+. This is followed by
dissociative recombination (reaction 19) and proton transfer with N2 producing N2H+(reaction 66).
Such species is then consumed via reactions 30 and 31, producing NH and N2 .

Differently from the centre of the beam, where H+ undergoes two separate ion conversions, the
principal sink route of H+ in this case is almost entirely via ion conversion with H2[v], leading the
production of H2+. This product is consumed by both dissociative recombination and proton transfer
with N2, gaining two hydrogen atoms and N2H+ respectively (reactions 19 and 66). The two sink
processes of H2+ in figure 10 have a relative contribution of 60% and 40% respectively. N2H+ is then
consumed by dissociative recombination (reactions 30, 31) producing NH and N2. This additional
branch involving N2 as proton acceptor will be referred to as another N-MAR process. Differently from
the conditions in the plasma centre, where the ion conversion is promptly followed by dissociative
recombination, in the milder plasma edge conditions, a further molecular-induced step occurs
indicating N2H+ as ionic mediator.
H3+ is found to be produced in a negligible amount in this case as well. This is different from what has
been previously observed in PISCES-A[59], where H3+ was detected in significant amount by mass
spectrometry. Electron density in that study was between 1017 and 1018 m-3[60]. The density
characterizing the edges of Magnum-PSI plasma and used in this study is above 1019 m-3, leading to an
enhanced recombination frequency of the precursor H2+ and efficient consumption mechanisms of H3+.
2.2.6 Comparison between the full and the reduced global models
To ultimately verify the reaction scheme derived from the fully extended Plasimo global model, a
reduced version has been produced. The chemical species implemented in the new global model and
their steady-state densities are reported in table 3. All the most relevant hydrogenic species have been
added, together with the nitrogen-related ones that were identified to play a major role in the
considered plasma chemistry, as shown in the previous sections.
ne

H

H2

H2 v

H+

H2 +

N2

N

NH

NH+

N2 H+

EXT

2.65E20

1.74E21

1.52E16

8.96E14

2.65E20

5.87E14

1.39E19

7.25E19

4.06E15

1.29E15

2.15E13

RED

2.61E20

1.73E21

1.62E16

8.2E14

2.61E20

6.32E14

1.03E19

8.18E19

1.3E15

4.11E15

2.11E13

Table 3. Electron density together with the species included in the reduced model. The densities achieved in both
the full and reduced models (for the centre-of-the-beam case of study) are reported.

The initial densities have been kept the same in both cases of study i.e. 1*1021m-3 for H2 and 5*1019mfor N2. To achieve Te and ne as close as possible, the chosen input power density is 2300 J/m3. This
value is slightly lower than the one used in the full model simulation (2500 J/m3) due to the lower
amount of particle densities populating the reduced model. Given the longer period needed to reach
the steady state in this run, the simulation time is set at 5 ms. The achieved Te is 1.2 eV in the full model
and 1.16 eV in the reduced one. The electron densities gained in the simulations are almost identical
as well. This is very important in order to deal with the same plasma environment. The plasma chemical
reactions adopted for the reduced model are listed in table 4. The processes highlighted in figure 3 and
figure 10, corresponding to the new N-MAR branches, have been included. Electron-induced
ionization, vibrational excitation, dissociation and elastic collisions are also taken into account. For
completeness, the most relevant neutral-neutral process has been implemented in the reduced
version as well, namely reaction 49. That is in fact the most important process in such environment
that relates two neutral key-species i.e. molecular hydrogen and atomic nitrogen. The scope of this
work is to maximally reduce the amount of species and plasma chemical reactions occurring in the
volume of a detached-like scenario. In such way, the underlined mechanisms can be implemented in a
3

more detailed spatially-resolved code. To compensate the absence of the main NH sources i.e. electron
- impact dissociation of NHx species and dissociative recombination of their ionic derivatives, an extra
source of NH has been added together with an identical sink of N and H (8*1020m-3s-1); in this way,
particle balance is conserved and the system is closed. The total amount of NH particles added in the
simulation corresponds to ≈ 7 % conversion of nitrogen to ammonia, which is in line with literature
studies [61], [62], [63].
Reaction
𝐻𝐻 + 𝑒𝑒 −  𝐻𝐻+ + 2𝑒𝑒 −
𝐻𝐻2 + 𝑒𝑒 −  𝐻𝐻2+ + 2𝑒𝑒 −
𝑁𝑁2 + 𝑒𝑒 −  𝑁𝑁 + 𝑁𝑁 + 𝑒𝑒 −
𝐻𝐻2 + 𝑒𝑒 −  𝐻𝐻2 𝑣𝑣 + 𝑒𝑒 −
𝐻𝐻2 𝑣𝑣 + 𝐻𝐻 +  𝐻𝐻2+ + 𝐻𝐻
𝐻𝐻2+ + 𝑒𝑒 −  𝐻𝐻 + 𝐻𝐻
𝐻𝐻2 + 𝑁𝑁  𝑁𝑁𝑁𝑁 + 𝐻𝐻
𝑁𝑁2 + 𝐻𝐻2+  𝑁𝑁2 𝐻𝐻+ + 𝑁𝑁
𝑁𝑁2 𝐻𝐻+ + 𝑒𝑒 −  𝑁𝑁2 + 𝐻𝐻
𝑁𝑁2 𝐻𝐻+ + 𝑒𝑒 −  𝑁𝑁𝑁𝑁 + 𝑁𝑁
𝑁𝑁𝑁𝑁 + 𝐻𝐻 +  𝑁𝑁𝐻𝐻+ + 𝐻𝐻
𝑁𝑁𝐻𝐻 + + 𝑒𝑒 −  𝑁𝑁 + 𝐻𝐻
𝐻𝐻 + 𝑒𝑒 −  𝐻𝐻 + 𝑒𝑒 −
𝐻𝐻2 + 𝑒𝑒 −  𝐻𝐻2 + 𝑒𝑒 −
𝑁𝑁 + 𝑒𝑒 −  𝑁𝑁 + 𝑒𝑒 −
𝑁𝑁2 + 𝑒𝑒 −  𝑁𝑁2 + 𝑒𝑒 −

Type
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝐼𝐼𝐼𝐼𝐼𝐼 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝐼𝐼𝐼𝐼𝐼𝐼 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

Table 4. List of the plasma chemical reactions implemented in the reduced model. The two N-MAR
mechanisms, together with the most important hydrogen reactions and electron-induced processes,
have been inserted in the model. Rate coefficients are the same as in the full version.

The achieved densities are shown in figure 11. The densities of the hydrogenic species are in very good
agreement. This confirms the importance of the reactions producing H, which are the ion conversion
of H+ with H2(v=4) and with NH, and the dissociative recombination of H2+ and NH+, gaining 2 H and N
+ H respectively. H2 is consumed predominantly via electron-impact vibrational excitation and atom
transfer with atomic nitrogen with a relative contribution of about 50% for each process.
H+ in both cases is equal to the electron density. In these global models, quasi-neutrality is always
maintained. H+ is the main ionic species in the system and is consumed via ion conversions. Worth
mentioning here that the so-called three-body recombination reaction i.e. 𝐻𝐻 + + 𝑒𝑒 − +
𝑒𝑒 −  𝐻𝐻 ∗(𝑛𝑛 ≥ 6) + 𝑒𝑒 − , involving two electrons and H+, becomes efficient at temperatures below
0.7 eV with densities above 1*1021m-3, hence not relevant for the scenario considered here. According
to the models, N2 is depleted by means of electron-induced dissociation and proton transfer with H2+,
the latter being highlighted as second branch of the N-MAR processes. N main sources are via reaction
51 and reaction 23, which is the final step of the first N-MAR path (see figure 3).
The final densities of NH are in good agreement. The difference is due to the absence in the reduced
version of the electronically excited species N2(A3Σ+) and its efficient atomic transfer with H (reaction
81), which acts as a source for NH. Such discrepancy suggests the small importance of other NH sink
mechanisms i.e. electron-impact dissociation (reaction 34) and atom transfer with H (reaction 51).
In both extended and reduced models, the main source of NH+ is the ion conversion between NH and
H+, as stated in section 2.2.2. The slight overestimation of this ion is due to either the absence of the
following source collision (reaction 67) 𝐻𝐻2+ + 𝑁𝑁  𝑁𝑁𝐻𝐻+ + 𝐻𝐻 and the sink processes via proton
transfer i.e. reaction 83 and 84. Such reactions have not been included in the reduced model,

considering that constitute less than 10% to the overall relative contribution of sources and sinks of
NH+. Our aim is, in fact, to underline only the most important mechanisms leading to the conversion
of atomic hydrogen ions to neutrals, addressing the volume processes introduced by nitrogencontaining species.
N2H+, pointed out to be an important ion mediator in section 2.2.5, is verified to be produced via proton
transfer (reaction 66) and consumed by reaction 30 and 31.
To assure the validity of the reduced model among a wider range of plasma parameters, a comparison
between the extended and the reduced model has been carried out for other two different scenarios
i.e. beam-edge conditions with Te = 0.8 eV and ne = 6*1019m-3 and a high-density higher-temperature
case with ne = 3.4*1020 m-3 and Te = 1.8 eV. Results are shown in figure 11. The densities of the
underlined relevant species are again in very good agreement. We hereby prove the validity of the
reduced set of chemical equations for parameters 5*1019<ne<3.5*1020m-3 and 0.8<Te<2 eV. For
scenarios with ne < 1019m-3, a different reduced set of reactions would be needed, namely the
processes reported in section 2.2.3. In such plasma environment, molecular ions become the major ion
species, being proton transfer the dominant ion-neutral inelastic mechanism. An implementation of
those processes in a spatially-resolved code is beyond the scope of this work, which focuses on
Magnum-PSI relevant plasma scenarios.

Figure 11. Species density comparison between the extended and the reduced model. (a) Te = 1.2, ne = 2.6E20m -3. (b) Te =
0.8, ne = 6E19m -3. (c) Te = 1.8, ne = 3.5E20m -3.

The work carried out in this section served to validate the derived set of reactions and species from
the full model. The most effective relations, named N-MAR and stated in figure 3 and figure 10 have
been confirmed by this exercise to be the most relevant. The delicate balance between the different
species densities set by the chemical equations and validated here, has to be considered true only for
the scenario considered i.e. divertor-relevant high-density low-temperature hydrogen plasma in the
presence of nitrogen. These processes have been included in Eunomia and a description of the
implementation will be given hereafter.
2.

Eunomia code

Eunomia is a spatially resolved Monte-Carlo code created to simulate neutral particles in linear plasma
machines, originally suited to model the neutral inventory in Pilot-PSI and Magnum-PSI. The code is
conceptually similar to the well-established Monte Carlo code Eirene[64]. The code solves the
equilibrium density, flow velocity and temperature of the ground state species and is based on the
test-particle approximation method i.e. simulates test particles which represent many real neutral
particles. In Eunomia charged particles are not simulated and plasma equations are not solved. The
plasma background is given as an input and Te and ne have been taken from Thomson Scattering
measurements in Magnum-PSI[65]. In the code, test particles never interact with each other; they
undergo through test particle - background particle collisions as follows: a charged particle or a neutral
particle is drawn from the maxwellian velocity distribution from the background to be collided with
the test particle. Information about species densities and velocity distributions subsequent to each
collision event are stored by the code over the simulation grid for every cycle. That constitutes the
temporary neutral background, that will be substituted by the newly calculated one the next cycle. In
Eunomia, such process is called scoring. In order to calculate sources and sinks for the neutral
background, many test-particles are simulated. Each time a test particle visits a cell, the code stores its
residence time as estimator of relative density. To determine the actual particle density, the number
of real particles represented by a test-particle has to be given as input. The input determines also either
the number of test particles or the maximum time to be modelled. Once a source is simulated, the
number of test particles is known. The actual number of particles is then calculated by the code as:
𝑁𝑁𝑟𝑟𝑟𝑟 = 𝛤𝛤𝑟𝑟𝑟𝑟 𝜏𝜏𝑎𝑎

Where 𝛤𝛤𝑟𝑟𝑟𝑟 is the influx of real particles into the system per second and 𝜏𝜏𝑎𝑎 is the averaged residence
time. Although no direct effects on the plasma can be modelled with Eunomia in the stand-alone
version, important insights on the behaviour of neutral atoms and molecules, such as their sources,
sinks, spatial distribution and transport, can be studied. Further specifications on the code, such as
calculation of velocity distributions and temperatures, can be found in [11].

2.1 Eunomia grid and geometry
Figures 12 and 13, taken from [11], show a schematic view of the linear plasma machine Pilot-PSI and
the derived cylindrical symmetry adopted in Eunomia. In the code, the simulation is carried out in a 3dimensional environment and the results are provided in a 2-D grid averaged over the rotation axis, as
can be seen in figure 13.
Figure 14 shows the triangular grid on which the cell averaging is done in order to define the neutral
background. The rate coefficients of each process is calculated at the beginning of each cycle as a
function of the local Te and ne.

Figures 12, 13:. On the left: schematic view of linear machine Pilot-PSI; On the right: representation of the cylindrical
symmetry used in Eunomia. Atomic hydrogen is assumed to react at the wall and is eventually re-emitted in the
system in its molecular form.

As shown in figure 14, the cells have flexible areas and become larger moving away from the target.
For each wall the test-particles can be either reflected or absorbed. For the axis of symmetry the testparticle will always undergo specular reflection. The walls can act as a recombining front of atomic
hydrogen with the following mechanism: 𝐻𝐻𝑤𝑤 + 𝐻𝐻𝑤𝑤  𝐻𝐻2 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, where the product is released from the
wall and enters the volume phase. N-related species have been treated differently i.e. the particles
impinging on a wall are thermalized and reflected with a cosine distribution. It is worth mentioning
that gas-surface heterogeneous phenomena leading to the production of ammonia are beyond the
aim of this study, which is entirely focused on volume processes.

Figure 14. On the left, grid used for simulations. On the right a zoomed view of the target location.

The orange segment corresponds to the plasma source, the blue line is the axis of symmetry of the
plasma beam and the red one is the target. Green lines are the walls of the vessel. The shaft of the
target, indicated also in green, is treated by the code to act as a vessel wall. For the modelling of the
pump (magenta segment in figure 14), the simulation of test-particle is stopped once it reaches that
region. The grid depicted here and used in this work is a representation of the Pilot-PSI linear
device[66].

2.2 Implementation of the reduced model into Eunomia
The hydrogen-related collisions used in the code are listed in table 5. The cross sections for neutralneutral elastic collisions (reactions n. 1,2,3,9 and 10) are based on the Lennard-Jones potential [67]
and the BGK approximation method is used[68]. The rates of such processes depend on the iteratively
updated background of the ground-state species. The rates for inelastic collisions between neutrals
and charged particles (reactions 5, 6, and 7) are imported from the AMJUEL[69] and HYDHEL[26]
databases, which are the same used by Eirene code. For electron-induced processes (reactions 4, 6
and 8), the rates are calculated as a function of the local per-cell Te and ne at the beginning of each
cycle.
N#
1
2
3
4
5
6
7
8
9
10

Reaction
𝐻𝐻 + 𝐻𝐻  𝐻𝐻 + 𝐻𝐻
𝐻𝐻 + 𝐻𝐻2  𝐻𝐻 + 𝐻𝐻2
𝐻𝐻2 + 𝐻𝐻2  𝐻𝐻2 + 𝐻𝐻2
𝐻𝐻 + 𝑒𝑒 −  𝐻𝐻 + + 2𝑒𝑒 −
𝐻𝐻 + + 𝐻𝐻  𝐻𝐻 + 𝐻𝐻 +
𝐻𝐻2 + 𝑒𝑒 −  𝐻𝐻 + 𝐻𝐻 + 𝑒𝑒 −
𝐻𝐻2 + 𝐻𝐻 +  𝐻𝐻 + 𝐻𝐻2+
∗
𝑒𝑒 − + 𝐻𝐻2+  𝐻𝐻 + 𝐻𝐻𝑛𝑛=2
𝐻𝐻2 + 𝑒𝑒 −  𝐻𝐻 + 𝐻𝐻 −
∗
𝐻𝐻 + + 𝐻𝐻 −  𝐻𝐻 + 𝐻𝐻𝑛𝑛=3
𝐻𝐻 + 𝐻𝐻 +  𝐻𝐻 + 𝐻𝐻 +
𝐻𝐻2 + 𝐻𝐻 +  𝐻𝐻2 + 𝐻𝐻 +

Type
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝑀𝑀𝑀𝑀𝑀𝑀
𝑀𝑀𝑀𝑀𝑀𝑀

Table 5. Hydrogenic reactions included in Eunomia.

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

The frequency of MAR processes (reactions 7 and 8) is governed by the first step i.e. ion conversion
and dissociative attachment, respectively. The reaction intermediates H2+ and H- are assumed to
instantaneously recombine. The electronically excited states of atomic hydrogen produced in those
processes are not simulated. The de-excitation probability of H*(n=2) gained in reaction 7 is calculated
by the ratio between collisional excitation to n=3 and spontaneous decay, while for H*(n=3) of reaction
8, it is assumed to eventually ionize[70].
The additional nitrogen-included plasma chemistry actualized in the code corresponds to the one
highlighted with global modelling and verified by the comparison with the full model, as described in
section 2.2.5. In this implementation, neutral - neutral elastic collisions have been added for
completeness and are listed in table 6. Such collisions can affect the momentum of the test particles,
hence they are important when dealing with spatially-resolved transport codes. This is not the case for
zero-dimensional-model, such as the global model platform provided by Plasimo. Data regarding
potential energy curves and internuclear distances, needed for the BGK approximation, have been
taken from [71], [72] and references therein.
𝑁𝑁𝐻𝐻 + 𝐻𝐻2  𝑁𝑁𝑁𝑁 + 𝐻𝐻2
𝑁𝑁𝑁𝑁 + 𝐻𝐻  𝑁𝑁𝑁𝑁 + 𝐻𝐻
𝑁𝑁𝑁𝑁 + 𝑁𝑁2  𝑁𝑁𝑁𝑁 + 𝑁𝑁2
𝑁𝑁𝑁𝑁 + 𝑁𝑁  𝑁𝑁𝑁𝑁 + 𝑁𝑁
𝐻𝐻2 + 𝐻𝐻2  𝐻𝐻2 + 𝐻𝐻2
𝐻𝐻2 + 𝑁𝑁2  𝐻𝐻2 + 𝑁𝑁2
𝑁𝑁2 + 𝑁𝑁2  𝑁𝑁2 + 𝑁𝑁2
𝐻𝐻 + 𝑁𝑁  𝐻𝐻 + 𝑁𝑁
𝐻𝐻 + 𝐻𝐻  𝐻𝐻 + 𝐻𝐻

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝑁𝑁 + 𝑁𝑁  𝑁𝑁 + 𝑁𝑁
𝑁𝑁 + 𝑁𝑁2  𝑁𝑁 + 𝑁𝑁2
𝐻𝐻2 + 𝑁𝑁  𝐻𝐻2 + 𝑁𝑁
𝑁𝑁2 + 𝐻𝐻  𝑁𝑁2 + 𝐻𝐻

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

Table 6. Neutral-neutral elastic collisions implemented in Eunomia.

N-MAR mechanisms are treated in a similar way as the hydrogenic MARs i.e. reactions 7 and 8 in table
5: the products are assumed to recombine instantaneously, and the rate-determining step is the ion
conversion. An update in the code has been made to include the atom transfer reaction i.e. 𝐻𝐻2 +
𝑁𝑁  𝑁𝑁𝑁𝑁 + 𝐻𝐻. This mechanism has been treated in a two-step process: firstly, this reaction acts as a
source for NH and H i.e. these products are generated as new test particles based on the rate constant
and the reactants background information. The velocities are drawn randomly from maxwellian
distributions. Secondly, the particle balance is conserved by adding compensating collision process
that terminates the reactant test particles i.e. N and H2, which follow the usual collision mechanics in
the simulation. This collision also uses the same rate constant as the source reaction.
2.3 Eunomia results
Eunomia runs have been carried out by using the parameters that characterize a typical semi-detached
hydrogen plasma in Magnum-PSI linear device i.e. Te peak = 1.5 eV and ne = 2.5*1020m-3. In the code,
both these parameters have a full-width half-maximum (FWHM) of 20 mm and are constant along the
beam. In linear plasma machines detachment scenarios are achieved by means of gas puffing, causing
an increased background neutral pressure. Neutrals play a major role in cooling down the plasma by
means of electron - neutral and ion - neutral collisions, and by increasing the molecular-assisted
recombination frequency[73]. Gas seeding has been modelled and the injection location has been set
at the target. The key feature introduced by nitrogen seeding investigated in this paper is the enhanced
frequency of the recombination mechanisms compared to a case where only H2 is puffed into the
system. The most relevant N-species acting as electron donor highlighted in this work is NH. Precursor
of such species is mostly ammonia. NH3 is almost entirely produced by means of surface processes.
Although modelling of those wall-induced mechanisms is beyond the scope of this paper, which is
strictly focused on volume processes, NH3 also acts as a source for NH through reactions 37 and 39
with k37 = 1.5*10-9 cm3s-1 and k39 = 9.5*10-12cm3s-1. Ion conversion of ammonia (reaction 61) leading to
NH3+ is very efficient in this plasma environment, with k61 = 1.33*10-9 cm3s-1 for a gas temperature of
0.2 eV. Such temperature has been highlighted by previous studies [11] to be the temperature of
neutrals in the plasma beam of Pilot-PSI and Magnum-PSI linear machines. In Eunomia, the gas
temperature is provided as an output, and is calculated by the code to be 0.21 eV in the simulations
carried out and presented hereafter. Such high molecular temperature is considered by us to be due
to the efficient ion-neutral elastic collision leading to momentum transfer, which acts as heating
mechanism for heavy particles. Atomic and molecular nitrogen temperatures are in the same range
i.e. between 0.15 and 0.24 eV. The temperature of atomic hydrogen given by the code goes up to ̴
0.45 eV. We address this to be caused by the resonant charge exchange process i.e. 𝐻𝐻 + + 𝐻𝐻  𝐻𝐻 +
𝐻𝐻 +, a well-known cooling mechanism for hydrogen ion (reaction 5 in table 5). NH3+ undergoes
dissociative recombination with a rate of 2.04*10-8cm3s-1 with Te=1.5 eV, leading NH and 2H (reaction
26). Another source of NH is the amino radical NH2. This species contributes to the production of NH
via reactions 35 and 47, namely electron-impact dissociation, with k35= 2.57*10-10cm3s-1 and
k47=2.98*10-11cm3s-1 for Te=1.5 eV and Tgas = 0.2 eV. Its ion derivative i.e. NH2+, which is produced via
ion conversion (reaction 63) and proton transfer (reaction 82), contributes efficiently to the production
of NH by means of dissociative recombination (reaction 24), with k24 = 2.01*10-8 cm3s-1. To take these
processes into account in Eunomia runs, a source of NH from the target has been added, corresponding

to 5% of the total nitrogen injected. The volume sources of NH included in the model are atom transfer
and dissociative recombination of N2H+ , both listed in table 4.
In figure 15 the density distribution of NH calculated by Eunomia for a 5% nitrogen seeding case is
shown. NH decreases moving away from the target along the plasma beam due to the effective N-MAR
i.e. reaction 20 in table 4. Elastic collisions of NH with N2 and H2 may also play a role enhancing the
perpendicular diffusion of the species in respect to the plasma beam. The density increases outside
the beam, where the concentrations of H2 and N are high, leading an efficient atom transfer process.
In figure 16 the spatially-resolved collision frequency of the first N-MAR is shown. The test-particle
collisional events are localized in the centre of the beam and in the vicinity of the target. This is in line
with the density distribution of figure 16, since in that region NH efficiently undergoes N-MAR. Such
mechanism is addressed to further contribute to the conversion of incoming atomic hydrogen ions to
neutrals, reducing the incoming flux towards the target and eventually making heat loads more
tolerable for the material.

Figure 15. Two-dimensional density distribution of the key species NH calculated by Eunomia. The region close to the target
is highlighted.
Figure 16. Collision frequency of the two-step N-MAR:1) H+ + NH  NH+ + H; 2) NH+ + e  N + H. The highest collisionality is
located close to the centre of the plasma beam and in the vicinity of the target, the latter being also the seeding location.
Values in colour bar represent the amount of collision per cycle per test-particle.

To quantify the influence of the N-MAR process on the overall recombination efficiency, three different
cases of studies, characterized by different puffing scenarios, have been set up as follows:
[𝑁𝑁2 ]
= 0, 5, 10 %
[𝐻𝐻2 ] + [𝑁𝑁2 ]

While keeping fixed the amount of molecules injected in the system from the target i.e. 2.1*1020 m-3s1
, three different nitrogen contents have been examined. The aim is to compare the recombination
efficiency by tracing the density of atomic hydrogen, which is eventually the end product of any
recombination process in this specific plasma environment.
In figure 17 the H-density radial profile taken at 3 cm in front of the target is shown. Interestingly, the
H density in the plasma beam is higher in the 10% and 5% cases, compared to the only-H2 case. Values

taken in the centre of the plasma beam are 8.75*1018, 1.98*1019 and 2.74*1019m-3 for 0, 5 and 10% N2
content.

Figure 17. Density profiles of atomic hydrogen along radial coordinates. Simulation outputs in thin coloured line. Data have
been fitted (thick coloured lines). The total amount of particles injected has been kept the same for all three cases, while
changing the ratio of N2 from 0 to 10%. The higher values among the nitrogen-seeded cases indicates an increase in the
recombination. Pink background represent the region of the plasma beam in the simulations.

This indicates that the presence of N2 and, subsequently of NH, contributes to further enhance
recombination processes in the centre of the beam via N-MAR mechanisms.
The plasma beam in the simulations has a FWHM of 20 mm. The region between radial position 0.01
and 0.02 m is characterised by strong gradient in terms of Te and ne i.e. from 1*1020 to 5*1016 m-3 and
from 0.6 to 0.1 eV for electron density and temperature respectively. Within the plasma beam width,
the main source for atomic hydrogen is the static plasma itself i.e. H+. H is produced by means of
recombination processes, specifically MAR and N-MAR. The seeding location in the simulations is set
to be the target segment, hence, it has a wider surface compared to the beam, with a radius of 35 mm.
The density of H in the region between 10 and 20 mm radius i.e. outside the plasma beam, at 3 cm in
front of the target is then barely influenced by plasma-neutrals inelastic collisions, whose study is the
main scope of this work. The closeness to the target and the different H2/N2 seeding ratios led to a
discrepancy in H density between the three cases of study. This is due to transport phenomena and
elastic collisions. More detailed study on the transport of charged particles outward the beam will be
carried out with the coupled codes B2.5-Eunomia.
Although no direct evidence on the contribution of N2H+ increasing recombination frequency can be
directly provided with this code, its importance is not to be considered only of a phenomenological
nature. In fact, it acts as source for NH, which has been proved to constitute the most important Nrelated species in the conversion of ions to neutrals. Further studies on the reaction paths leading to
N2H+, moreover, can contribute to the overall comprehension of the plasma chemical effects caused
by the presence of nitrogen in the volume phase of a low-temperature hydrogen plasma.
3. Summary and conclusions
Volume reactions, such as molecular-assisted recombination, can contribute to reduce the incoming
ion flux to the divertor plate. To understand the role of nitrogen in the plasma chemistry of a detached
hydrogen plasma, numerical simulations are needed. A comprehensive global model has been set up
by means of Plasimo code. Two newly-proposed molecular-assisted recombination processes, called
N-MAR, have been highlighted. These reaction paths are: 𝑁𝑁𝑁𝑁 + 𝐻𝐻 +  𝑁𝑁𝐻𝐻 + + 𝐻𝐻 followed by
𝑁𝑁𝐻𝐻 + + 𝑒𝑒 −  𝑁𝑁 + 𝐻𝐻 in the centre of the beam (where parameters are very similar to the ones
foreseen for ITER divertor) and 𝐻𝐻2+ + 𝑁𝑁2  𝑁𝑁2 𝐻𝐻+ + 𝐻𝐻 with the subsequent dissociative

recombination of diazenilium i.e. 𝑁𝑁2 𝐻𝐻+ + 𝑒𝑒 −  𝑁𝑁𝐻𝐻 + 𝑁𝑁 or 𝑁𝑁2 + 𝐻𝐻 in the periphery of the beam.
A reduced global model including N-MARs has been implemented and compared with the full model
for three different Te and ne scenarios. Despite the lower number of species considered and the strong
reduction of chemical reactions, the results match properly and the differences are all widely within
the order of magnitude. This indicates the processes to be considered the dominant mechanisms
occurring in the scenario examined. N-MARs, together with elastic collisions, electron impact
dissociation and atomic transfer, have been implemented in Eunomia, a spatially-resolved Monte Carlo
code suited for the transport of neutrals in linear machines. The test-particle collision frequency of the
first N-MAR in Eunomia is showed to be centrally localized in the vicinity of the seeding location. The
density of atomic hydrogen, which is the end product of recombination, has been monitored to
compare the effectiveness of nitrogen-induced conversion of ions to neutrals. Results indicate that the
presence of N2 affects the content of H by almost a factor 3 between only H2 and 10% nitrogen seeding
cases of study. The newly-updated Eunomia code will be coupled with the fluid code B2.5. This will
constitute an important numerical tool to study the effects of impurity seeding on detachment for
both divertors and linear machines. The reduced plasma-chemical data set obtained in this work can
be used and implemented also in other codes for the transport of neutrals in the divertor, such as
EIRENE (embedded in SOLPS-ITER package)[74].
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